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 A research framework to conduct progressive clogging conditions.
 A research framework to analyse microstructural properties of clogged porous asphalt.
 Recommend using Non-Local Mean filter in analysing clogged porous asphalt images.
 Severe clogging changed the air void structure and properties of porous asphalt.
 Low frequency sound wave energy can penetrate deeper into dense clogged surface.a r t i c l e i n f o
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X-ray CTa b s t r a c t
Road traffic noise is a significant environmental issue. Porous asphalt is often used to mitigate this prob-
lem. However, the clogging issue is one of the main challenges of using porous asphalt. Clogging leads to a
significant reduction in permeability and sound absorption as the pavement aged. This study measures
the changes in the microstructural properties and sound absorption with multiple clogging cycles via
X-ray Computed Tomography scanning. The identification of the presence of clogging particles in the
X-ray images is also one of the challenges due to the complexity of image segmentation. Clogging simu-
lation tests are performed on the compacted samples at a concentration of 1.0 g/l and repeated for five
clogging cycles. The microstructural analysis shows that severe clogging densification occurred at the
top section of the porous asphalt (approximately one-third of the sample height), thereby leading to
alteration in the physical void structure and void properties (i.e., percentage, number, and size).
Accordingly, the peak of the sound absorption coefficient observed at 800 Hz under an initial condition
shifted to a new peak of 630 Hz after severe clogging. Low-frequency sound wave energy has a low atten-
uation energy that can penetrate the clogged surface given the correlation between the sound absorption
coefficient and the air void properties. This study also recommends the use of Non-local mean filter to
minimise the effect of white noise (equal signal intensity or density) and improve the accuracy of image
segmentation.
 2021 Elsevier Ltd. All rights reserved.1. Introduction
Porous asphalt was initially introduced in the United Kingdom
(UK) in the early 1960 s, and its mixture design was developed
by the Transport Research Laboratory [1]. Porous asphalt wasinitially used on military airfield airport runways and later applied
on public roads. Porous asphalt was introduced on highways to
reduce hydroplaning and spray particularly on heavy rain condi-
tions. After a few trials in UK, a study reported that porous asphalt
also provides acoustic benefits to road users and later was cate-
gorised as a type of low-noise road surface [1]. Chu et al. (2017)
reported that traffic noise is the main cause in noise pollution, par-
ticularly in urban areas [2]. A study discovered that high exposure
to traffic noise affects the surrounding community, particularly
sleep disturbance and other health risks, such as fatigue, hyperten-
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high speed [6–7]. Numerous researchers have also found that por-
ous asphalt can reduce approximately 2 dB(A) to 5 dB(A) compared
with the conventional dense graded asphalt mixture [8–11]. The
porous internal structure enables the asphalt to absorb sound wave
energy and convert it into a low-grade heat [12–14]. Thus, less
sound wave energy was reflected from the pavement surface into
the surrounding.
However, clogging is the main issue in the use of porous
asphalt. Porous asphalt is applied because the pavement needs to
maintain its functional performance, particularly in reducing traffic
noise throughout the pavement service life [9–11,15–16]. The abil-
ity of the porous asphalt to absorb traffic noise gradually depletes
and eventually generates the same level of noise with a dense
grade asphalt mixture as the pavement aged (2 or 3 years) [9–
10,17]. Chen et al. (2013) measured the noise level at the travelling
speed of 90 km/h and found that the sound intensity levels of por-
ous asphalt increased to approximately 5 dB(A) over the period of
4 years as the pavement aged [9]. Takahashi (2013) and Yu et al.
(2014) also obtained similar findings in the increase of sound level
intensity on the basis of long-term field monitoring of porous
asphalt [10,17]. Chen et al. (2013) also found that the noise levels
of porous asphalt increased by approximately 1 dB(A) with the
decrease of the air void content of porous asphalt by 1% [9].
Numerous researchers have also identified that the cause of the
increment in the sound level intensity was due to the effect of clog-
ging and densification of porous asphalt [9–10,17]. Clogging parti-
cles, such as dirt and debris, fill the void structure of the porous
asphalt after few years of service and partially loss the benefits
of sound absorption and permeability. Another source of clogging
in porous asphalt is due to binder creep which occurs due to grav-
itational force which disrupt the voids interconnectivity of porous
asphalt over extended period of time [18]. This phenomenon
clearly shows that the changes in the air void structure, namely,
distribution, percentage, number, and size, have significant effects
on the functional performance of porous asphalt [9,19–22].
Fortunately, with the improvement in imaging technology i.e. X-
ray Computed Tomography (CT) scanner, the machine can capture
and monitor the microstructural properties of porous asphalt as
the sampleswere progressively clogged. X-ray CT scanning is a non-
destructive imaging technique that captures the X-ray images from
different angles to generate multiple image cross-sections [23–25].
However, the identification of the clogging particles, particularly for
repeated image scanning, is the main challenge in analysing the
clogged porous asphalt images. This issue is due to the small differ-
ence in densities between the aggregate and the clogging particles
that reflects the grey levels captured by an X-ray CT scanner. There-
fore, this study characterised the effect of cloggingon thebasis of the
changes that occurswithin the void structure and void properties as
the samples were progressively clogged.
This study aims to improve the understanding on the effect of
progressive clogging towards the air void properties and sound
absorption characteristics of porous asphalt. Moreover, this study
developed a clogging simulation method that considers the effect
of repeated clogging cycles on the microstructural properties and
the acoustic performance. An imaging procedure is also proposed
to monitor the changes of void properties, such as distribution,
percentage, number, and size, subjected to progressive clogging.0
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Fig. 1. Australian porous asphalt gradation [27].2. Material and methods
2.1. Materials and sample preparation
The porous asphalt samples were laboratory fabricated in accor-
dance with the Malaysian Public Works Department for road work2
specification [26]. The samples were prepared using granite aggre-
gate and sieved to fit the Australian porous asphalt enveloped
(Fig. 1) of 13.2 mm nominal maximum aggregate size [27]. This
study used Performance Graded 76 (PG 76) as the binder at the
designed bitumen content of 5.25%. Hydrated lime was used as
an antistripping agent. The materials were mixed and compacted
at 190 C and 170 C, respectively. The samples were compacted
with a gyratory compactor at 50 gyrations to obtain the desired
dimension at 50 mm (thickness)  100 mm (diameter) at the esti-
mated air void content of 20%. The detailed material properties of
the samples are shown in Table 1.
The clogging material was collected with a handheld vacuum
cleaner at the Skudai-Pontian highway, Federal Route 5, Johor,
Malaysia to simulate the clogging cycles (Fig. 2a). The clogging
materials consisted of dust, debris and fine aggregate particles.
The site has high water runoff and traffic volume. Fig. 2b shows
the image of the clogging particles (angular grain structure) cap-
tured with a Field Emission Scanning Electron Microscope (FESEM).
The clogging material was then dry sieved (Table 2). The sieve
analysis shows that the clogging material mostly consists of a
coarse sandy material with less than 10% fine particles passing a
75 mm sieve size. The specific gravity of the clogging materials is
2.583. This factor was determined with a gas pycnometer accord-
ing to ASTM D5550 [28].
2.2. Laboratory clogging simulation
This study developed a laboratory scale procedure to simulate a
progressive clogging environment of the porous asphalt sample by
using a constant head permeameter (Fig. 3a and 3b). An aqueous
solution (tap water) was mixed with the aforementioned clogging
material at the concentration of 1.0 g/l. The solution was magnet-
ically stirred for 5 min at a constant revolution of 800 rpm. The lab-
oratory clogging simulation was performed at ambient
temperature for five clogging cycles. The detailed procedure of
the clogging process is summarised as follows:
1. A virgin sample of porous asphalt (Fig. 3c) was placed into the
constant head permeameter, and tap water was applied for
approximately 5 min.
2. A constant head permeability test was then performed on a vir-
gin sample for 30 s, and the volume of water discharged was
measured.
3. The clogging solution was poured into the permeameter tube.
4. Fresh tap water was applied into the permeameter tube for
approximately 5 min before a permeability test was performed.
5. A constant head permeability test was conducted on the sam-
ple, and the volume of water was measured for 30 s.
6. After the permeability test was completed, the sample was oven
dried for 24 h for hardening.
7. The clogged sample (Fig. 3d) was then scanned with an X-ray CT
scanner, followed by an impedance tube test.
Table 1
Aggregate and Binder Properties [25]
Materials Physical Properties
Coarse Aggregate Bulk Specific Gravity 2.601
Water Absorption 0.9%
Aggregate Impact Value 26.0%
Fine Aggregate Bulk Specific Gravity 2.427
Water Absorption 2.0%
PG 76 Specific gravity at 25 C 1.030
Penetration Test at 25 C 44 PEN
Viscosity at 135 C 1.04 Pa.s
Viscosity at 165 C 0.40 Pa.s
G*/Sin d, kPa at 76 C 1.6 kPa
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2.3. Microstructural investigation
The microstructural properties of the porous asphalt sample
subjected to progressive clogging were monitored on the basis of
the changes in the air void properties. Understanding this effect
is significant since the air void characteristics (i.e. distributions,
percentage, size and number) affect the sound absorption
[2,9,19,22,29]. The changes of the air void properties with the pres-
ence of clogging particles should be measured using the image
analysis technique. In this study, the investigation in the
microstructure of porous asphalt was conducted with an X-ray
CT scanner. The X-ray CT images were processed and analysed
using two types of imaging software, namely, ImageJ and Avizo.
The digital image processing that considers the presence of clog-
ging particles was performed as in Mahmud et al. (2017) (Fig. 4)
[25]. The image processing procedure is divided into two main
stages. The first stage focuses on basic image processing on raw
images obtained from the X-ray CT scanner by using ImageJ soft-
ware (i.e. stack images, image conversion, cropping and scaling).
The second stage of the microstructural investigation in Fig. 4
focuses on monitoring the changes in the air void properties of por-
ous asphalt that was subjected to progressive clogging cycles. In
this stage, the images were filtered with a Non-local means algo-
rithm by using Avizo software. Data obtained from the image
enhancement process was extracted using ImageJ software to
obtain the image histogram of the selected air void area. This data
was cumulatively summed and later converted into percentage of
air voids. By using ImageJ, the images were then thresholded to
void percentage and verified with the air void content determined
in accordance with ASTM D3203 [30]. In addition, the air voidFig. 2. Images of clogging materials (a)
3
properties such as void size and number were also analysed using
ImageJ, and the changes in the void properties were monitored for
each clogging cycle.
2.3.1. X-ray CT scanner
In this study, the microstructural investigation is performed
with an X-ray CT scanner (Fig. 5a) to acquire the internal structure
of the porous asphalt cross-sectional view. The X-ray CT scanner
(inspeXio smx-225 CT) with a maximum output voltage of
225 kV uses a cone beam method to reconstruct the internal struc-
ture of porous asphalt. In this study, the X-ray CT scanner is set at
190 kV as the output voltage and the ampere at 100 mA. The scan-
ning starts from the source of X-ray energy penetrating through
the sample as it rotates for 360 C (Fig. 3b). The difference in X-
ray energy as it penetrates through the sample is collected by
the detector. The sample was scanned at 0.1 mm interval from
the top to bottom of the sample. The scanning captures 1200 views
at each angle of rotation with an average count of 15 times. The
increase in the number of view and counts can improve the image
accuracy but will lead to a long scan duration. The multiple cross-
sectional images captured from the scanning are then combined
from top to bottom as a stack at the interval of 0.1 mm (Fig. 5c).
The image resolution from the combined stack images is
0.106 mm/pixel.
2.3.2. Digital image processing
Raw images obtained from the X-ray CT scanner were converted
from 16 bits to 8 bits image by using ImageJ software. The 8 bit
image consisted of 256 grey values, that is, 0 exhibits black colour
(low density element, i.e. air voids) and 255 exhibits white colour
(high density element, i.e. coated aggregate or clogging particles).
In this study, a few image slices located at the top and bottom of
the sample were removed due to image distortion that occurred
during the scanning. The images were then cropped and scaled
to the actual dimension of the compacted sample. The images
obtained from X-ray CT scanning are seldom in perfect conditions
(Fig. 6a), and they demonstrate poor contrast, disproportional illu-
mination and excessive noise [24–25,31]. The image requires
image treatment, which uses mathematical algorithms, such as
contrast enhancement and image filter (nonlocal mean algorithm)
(Fig. 6b). The Non-local mean filter algorithm was applied on the
images by using Avizo imaging software to denoise image in a sca-
lar volume. This mechanism is more effective particularly in a set
of images that consist of white noise (equal signal intensity or den-
sity) compared with a conventional image filter (i.e. Gaussian fil-
ter) (Fig. 7). Such technique can preserve the existing propertiesraw sample and (b) FESEM image.
Table 2
Dry sieve for clogging materials.
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is important when highlighting the small difference in a specific
gravity between the coated aggregate and the clogging particles
because it can reduce the error when selecting the appropriate sec-
tion of interest during segmentation process (Fig. 6c). Once theFig. 3. Laboratory clogging simulation (a) constant head permeameter apparatus, (b) s
sample.
4
image thresholding process is completed, the image is converted
into a binary image (Fig. 6d) for further analysis.
After the quality of the stack images was refined, the changes in
the air void properties of porous asphalt as the sample was sub-
jected to repeated clogging cycles from virgin to clog conditions
were measured. The analysis on the air void properties, particularly
on the air void interconnectivity, is significant because the pres-
ence of clogging particles will cause changes to the physical prop-
erties of the air voids (disturbed the air void interconnectivity),
namely, the content, size and numbers. In the void analysis, the
Maximum Feret’s diameter was set as a parameter in ImageJ soft-
ware to determine the changes in the size of air voids. In the void
analysis, the Maximum Feret’s (Fmax) diameter was set as a param-
eter in ImageJ software to determine the changes in the size of air
voids. The aforementioned parameter, Fmax is referred to the max-
imum distance between two pixels of two air void’s boundary aschematic constant head permeameter, (c) porous asphalt sample, and (d) clogged
Fig. 4. Digital image processing procedure for clogged porous asphalt.
Fig. 5. Microstructure investigation (a) X-ray CT scanner, (b) X-ray CT chamber and (c) 2D stack images.
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Fig. 6. Digital image processing (a) raw image, (b) contrast adjustment and filtered, (c) image thresholding, and (d) binary image.
Fig. 7. Image comparison between (a) Gaussian filter and (b) Non-local means filter.
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air voids in the porous asphalt exhibit a predominantly elongated
shape rather than a circular one due to the void connectivity, as
reported by Mahmud et al. (2017) [25]. The changes on the number
and air void content of porous asphalt were also analysed using
ImageJ.Fig. 8. Feret’s diameter (Fmax) of a selection region [24].2.4. Sound absorption investigation
In this study, the measurement of sound absorption of porous
asphalt was conducted using an impedance tube test that uses
two microphones and a digital frequency analytical system
(Fig. 9a). The impedance tube test (model - SCS 9020B/K)
(Fig. 9b) was performed in accordance with the ASTM E1050 spec-
ification [32]. This method is effective in measuring the relative
value of sound absorption at different ranges of frequency in a
form of sound absorption coefficient (a) (Equation (1)). The sound
absorption coefficient (a) reflects the ability of the material to
absorb, reflect and dissipate the sound energy. This equipment6
Fig. 9. Impedance tube test (a) schematic diagram, (b) impedance tube equipment, and (c) porous asphalt sample.
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100 Hz to 5000 Hz. A large tube with a diameter of 100 mm is used
for a low range frequency (Fig. 9c). Meanwhile, a small tube with a
diameter of 28 mm is used for a high range frequency. In this study,
the measurement of sound absorption coefficient for low range fre-
quency is limited from 200 Hz to 1600 Hz. This step is conducted
because the noise generated due to the interaction between tyre
and pavement from moving vehicles is mostly substantial to
human ears at a range of 800 Hz to 1200 Hz [1,33]. The study on
the effect of clogging on the sound absorption of porous asphalt
that uses a low range frequency is already sufficient to measure
the changes caused by the clogging particles. Ten one-third octave
bandwidth frequencies (i.e. 200, 250, 315, 400, 500, 630, 800, 1000,
1250 and 1600 Hz) were used as fixed ranges of bandwidth fre-
quency. The impedance tube test was performed in dry condition
for every clogging cycle from virgin to clog conditions. The test
was conducted at the temperature of 25 C with a relative humid-
ity of 60%.7




a = Sound absorption coefficient,
Ir = Reflected sound intensity, and
Ii = Incident sound intensity.3. Result and discussion
3.1. Effect of clogging on air void
3.1.1. Air void distribution
The result of void distribution from the top (0 height ratio) to
the bottom (1 height ratio) section of the sample for five repeated
clogging cycles is shown in Fig. 10. The figure shows that the air
void is homogeneously distributed throughout the sample at cycle
0 (initial/virgin condition). A transition trend was observed as the
ig. 11. Overlapped coloured X-ray images (virtual cut section) of clogged sections
r Cycle 0 and 5.
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void content for each clogging cycle, particularly at the top section
(height ratio of 0 to 0.3), varied from 1% to 2%. The densification
effect of the clogging particles is one of the main reasons of this
transition. The surface of porous asphalt consists of a high surface
area with a large and connected air void structure. This situation
has caused the clogging particles to permeate into the porous
asphalt and later sediment inside the air void channel. The severe
sedimentation of clogging particles will prevent the movement of
other clogging particle from flowing out of the internal structure
of the porous asphalt. This effect can clearly be seen in Fig. 10
where minor changes to the air void content are observed from
the height ratio of 0.3 to 1.0. In summary, the effect of clogging
shows severe changes towards the air void content of porous
asphalt at one-third of the top section of the sample height with








































Top Middle Bottom3.1.2. Air void properties
The air void properties were characterised in terms of air void
content, size and number. Fig. 10 shows that the distribution of
the air void content throughout the sample is mostly affected at
one-third of the top section due to the densification of the clogging
particles. The effect of clogging densification can also be identified
by overlapping the images (superimpose technique) initially cap-
tured and after the 5th cycle using the ImageJ software (Fig. 11).
The superimpose process merges two set of colour channels of
the images. In this study, the initial set of images is set to be in
red colour while the second set is in yellow colour. The overlapped
colour (green) gives the indication of new element (clogged
regions) developed due to progressive clogging. In order to ensure
the accuracy of the superimpose images and data interpretation,
the captured images were consistently cropped to its initial dimen-
sion and analysed in a combined stack at a very small interval of
0.1 mm and high resolution of 0.106 mm/pixel. The stack of the
images was virtually cut and equally divided into three main sec-
tions, namely, top, middle and bottom for better interpretation of
the clogging material distribution throughout the sample. To fur-
ther verify the accuracy of the superimpose, the materials phases
(voids, aggregate and mastic) of the cut sections were comparably
analysed for their composition. The image clearly supports that the
concentration of the clogging material mainly occurs at the top
section of the sample.
Fig. 12 shows the result of the air void properties, namely, air
void content, number and size, that were affected by the progres-
sive clogging condition determined for the top, middle and bottom
sections. Under virgin condition, the air void content in Fig. 12
shows a comparable high air void content at the top and bottom
sections of the sample. Meanwhile, a low air void content is mea-
sured at the middle section. The high air void content at the top
and bottom sections of the compacted sample may be due to the






























Fig. 10. Effect of repeated clogging cycle on the distributions of air void content.
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F
fosection, the aggregate particles were intensively compacted, and
the air void content within this section was reduced. The bottom
section of the sample has a larger mean air void size of approxi-
mately 1.5 mm than the top and bottom sections. This result is
because of the ‘gravitational effect’ during mixing where large
aggregate particles fall to the bottom of the mould, followed by
the fines. Such phenomenon leads to a large air void size at the bot-
tom of the sample.
The air void content at the top section was gradually reduced
from 20.5% (cycle 0) to 16.6% (cycle 5) as the sample was repeat-
edly clogged from cycles 1 to 5. This value is an average of approx-
imately 0.8% reduction for every clogging cycle. The results in
Fig. 12b and 12c also show a significant reduction at the top section
of the sample in terms of the number and size of the air voids as
















Fig. 12. Effect of clogging towards the air voids properties (a) air void content, (b)





























One-Third Octave Band Center Frequency, Hz
Cycle 0 Cycle 1 Cycle 2
Cycle 3 Cycle 4 Cycle 5
Fig. 14. Effect of clogging on sound absorption coefficient.
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particles. This phenomenon shows that the number of air void
increases with the decrease in the size of air voids, thus reducing
the air void interconnectivity. The middle and bottom sections of
the sample experience minor changes towards the air void content,
number and size. The physical properties of the clogging particles
(sandy) also contribute to the outcome of small changes that
occurred at the middle and bottom sections of the sample. The pro-
gressive build-up sedimentation (densification) of the clogging
materials at the top section of the sample limits the movement
of the clogging particles to be distributed to the middle and bottom
sections of the sample. Accordingly, small changes towards the
existing properties of porous asphalt (i.e. air void content, number
and size) were observed. The results in Fig. 12b and 12c show fluc-
tuations in term of the number and size of the air void, particularly
at cycles 2 and 3, as the sample was repeatedly clogged. The mobil-
isation of the clogging particles was one of the main reasons of the
fluctuation as the sample was repeatedly clogged. Fine clogging
particles can easily mobilise and disperse or relocate into other
parts of the internal structure of porous asphalt. The mobilisation
of clogging particles refers to the particles that ‘hop on hop off’
the air void channel. This phenomenon can be seen in Fig. 13, from
the overlapped X-ray images captured at cycles 2 and 3. The figure
shows the self-cleaning ability of porous asphalt at three different
sections as a result of progressive clogging. A less mobilisation
effect was observed at the top section due to the densification of
clogging particles (Fig. 13a). However, this effect frequently occurs
at the middle and bottom sections of the sample.
3.2. Effect of clogging on the sound absorption of porous asphalt
Fig. 14 shows the result of the sound absorption coefficient of
porous asphalt that is measured at one-third octave bandwidth fre-
quencies (i.e. 200, 250, 315, 400, 500, 630, 800, 1000, 1250 and
1600 Hz) as the sample was progressively clogged. The outcome
of the impedance tube test is based upon the changes in the volu-
metric properties (air void content) of porous asphalt that is
approximately from 20% to 16%. The effect of progressive clogging
is generally insignificant at low (200 Hz) and high (1600 Hz) fre-
quencies. The result shows only minor changes of the sound
absorption coefficient ranging from 0.01 to 0.03 as the sample
was progressively clogged.
In the initial condition (cycle 0), the peak of the sound absorp-
tion coefficient of porous asphalt can be observed at 800 Hz with a
value of 0.81. This finding indicates that the porous asphalt sampleFig. 13. Comparison of overlapped coloured X-ray images of C
9
can absorb approximately 81% of the sound wave energy at 800 Hz
without the effect of the clogging particles and reflect back 19% to
the pavement surface (Fig. 15a). Previous research reported that
the 800 Hz frequency also represents the typical tyre-road interac-
tion of moving vehicles [12,34–36]. The major changes in the
sound absorption coefficient occurred after the first clogging cycle,
which causes a reduction from 0.81 (cycle 0) to 0.73 (cycle 1). This
finding shows that approximately 27% of sound wave energy at
800 Hz is reflected to the pavement surface (Fig. 15b), which is
8% more sound wave energy without the clogging particles. The
sound absorption increased due to the densification that occurs
at the top section of the porous asphalt (Fig. 15b). This finding is
also supported by the X-ray CT scanning result, which shows a sig-
nificant reduction in the air void content at the top section of the
sample after cycle 1 (Fig. 10). Kia et al. (2018) also found a similar
observation and stated that clogging phenomenon starts as the
clogging particles accumulate at the top surface of the pavement,
thereby creating a dense layer [37]. The thickness of this layer
increases as additional clogging cycles were applied. After densifi-
cation, the peak of the sound coefficient significantly reduces with
the clogging cycles until the fourth and fifth clogging cycles. Other
changes occurred at the fourth and fifth cycles, and the recorded
sound absorption coefficients were at 0.60 and 0.59, respectively.
This change became insignificant due to severe densification (as
illustrated in Fig. 15c), thereby leading to additional sound wave
energy reflected back to the surface. Such change will reduce the
efficiency of porous asphalt in mitigating the traffic noise that
mainly occurred at 800 Hz as the pavement was clogged.
Detailed findings in Fig. 14 can be categorised into three main
phases (Fig. 16). Phase one describes the changes in the sound
absorption coefficient from cycles 0 to 1 because the results showycle 2 and 3 at (a) top, (b) middle and (c) bottom section.
Fig. 15. Illustrations of sound wave energy at 800 Hz passing through porous
asphalt sample after (a) Cycle 0, (b) Cycle 1, and (c) Cycle 5.
Fig. 16. Comparison of the effect of clogging on sound absorption characteristics for
(a) Phase 1, (b) Phase 2, and (c) Phase 3.
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This phenomenon is mainly due to the presence of clogging parti-
cles that tend to fill up the surface and internal structure of the
porous asphalt. Fig. 16b compares the result of sound absorption
coefficient at cycles 0 and 2, which reflects the second phase of
the clogging behaviour. The curves show a slight increment at
the mid-range frequency (450 Hz to 650 Hz) and significant reduc-
tion in coefficient at the frequency of 650 Hz to 100 Hz. At this
stage, the clogging particles have densified the top section and
changed the air void structure of the porous asphalt, thereby
reducing the air void content and size and increasing the number
of air void (Fig. 12). In phase three, further changes on the sound
absorption coefficients have caused the pavement to absorb low10to mid-range sound wave frequency from 200 Hz to 650 Hz. Mean-
while, further reduction on the coefficients can be observed for the
sound wave energy generated at 650 Hz to 1250 Hz. Fig. 16c shows
that the peak of the sound absorption at 800 Hz has shifted to
630 Hz. As previously mentioned, clogging has changed the air void
structure of the porous asphalt particularly at the top section. The
sound energy had difficultly penetrating particularly at 650 Hz to
1250 Hz with the densification of the porous asphalt layer. This sit-
uation is because of the high frequency sound wave energy that
has a higher rate of energy attenuation that makes it difficult to
penetrate the sample compared with a lower range sound wave
energy. Thus, this type of sound wave energy (approximately at
800 Hz to 1200 Hz) reflects to the surface and makes the surround-
ing environment louder.3.3. Correlation between sound absorption coefficient and air void
properties
As discussed in Section 3.1.1, the result of the microstructural
investigation reveals a significant change towards the air void dis-
tribution due to progressive clogging. This situation had changed
the air void structure particularly at the top section of the sample.
Accordingly, the correlation is mainly focused on those aforemen-
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shows that the peak of the sound absorption coefficient is at
800 Hz without the presence of clogging materials (cycle 0), which
suitable to absorb traffic noise generated from moving vehicles.
The peak significantly reduced and shifted to 630 Hz, particularly
at the fifth clogging cycles, as the sample was progressively
clogged. Figs. 17 and 18 correlate the sound absorption coefficient
and air void properties (i.e. percentage, number and size) at 800
and 630 Hz, respectively.
Fig. 17 demonstrates that the result shows a positive correlation
between the soundcoefficient and thepercentageandsizeof air void
at 800 Hz frequency. This result indicates that porous asphalt is an
effective medium in absorbing sound wave energy generated at
800 Hz with high air void content and large average void size at
approximately 5mm. By contrast, a negative correlation is observed
with a void number, thereby showing that the sound absorption
coefficient decreases because this phenomenon reduces the void
connectivity within the sample (Fig. 17c). The presence of clogging
particles creates a densified layer and increases the number of air
voids as the accumulation of clogging particles splits the air voids
into multiple fragments. Porous asphalt is a porous medium that
converts sound wave energy (vibrating air void molecules) and
slowly dissipates into heat energy as it passes through the porous
structure [38]. The progressive clogging of the sample has densified
the porous asphalt surface and caused changes towards the air void
structure, thereby reducing the interconnected air voids with less
percentage and size. Accordingly, the sound wave generated atFig. 17. Correlation of sound absorption coefficient at 800 Hz and air voids
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Fig. 18. Correlation of sound absorption coefficient at 630 Hz and air voids
properties (a) percentage of air void, (b) air voids size, and (c) number of air voids.
11800 Hz has difficulties penetrating into the clogged sample due to
high attenuation. This situation led to additional sound wave
reflected back to the surface. Consequently, the peak of the sound
coefficient has shifted from 800 Hz to 630 Hz.
Fig. 18 shows the correlation between the sound absorption
coefficients that occurred at 630 Hz and the air void properties.
This finding seems to be in contrast with the result obtained at
800 Hz where the sound absorption increases with the void num-
ber. Sound wave energy generated at 630 Hz can penetrate deep
into the densified layer of clogging particles in the porous asphalt.
A shorter wavelength (high frequency) is more prone to be
reflected, refracted and converted to heat energy compared with
a longer wavelength (low frequency). A shorter wavelength can
also deeply penetrate, thereby indicating that sound wave gener-
ated at 630 Hz has a superior penetration compared with 800 Hz
(shallower penetration). This phenomenon is mainly contributed
by the changes in the void structure and properties that experience
a reduction in air void size and increment of void number. Accord-
ingly, additional sound wave energy is absorbed at 630 Hz, and a
new effective peak is established for sound absorption.4. Conclusion
The following conclusions are summarised on the basis of the
obtained results:
Mohd Zul Hanif Mahmud, Norhidayah Abdul Hassan, Mohd Rosli Hainin et al. Construction and Building Materials 283 (2021) 122654(a) The introduced laboratory clogging simulation procedure
can apply a progressive clogging state within the internal
structure of the porous asphalt to allow for clogging cycles
to be conducted on the samples.
(b) A suitable image filtering algorithm should be applied to
properly extract and analyse the X-ray CT images for accu-
rate data interpretation. The digital imaging procedure high-
lights the importance of using Non-Local Mean filter to
minimise the white noise due to equal signal intensity or
material density.
(c) The progressive clogging phenomenon particularly from
cycles 2 to 5 had caused significant changes towards the
air void structure and properties. The top section (one-
third of the sample height) was severely affected due to
the accumulation of a densified layer of clogging particles
as it progressively clogged. The percentage and size of the
air void were significantly reduced with the increase in the
number of voids.
(d) The changes in the microstructural properties of the porous
asphalt have altered its capability to absorb sound wave
energy at different frequencies. A densified clogging layer
has reduced the sound absorption peak from 800 Hz to
630 Hz because a low sound wave energy provides less
attenuation and can penetrate deep through the densified
layers.
(e) The correlation between air void properties and sound
absorption indicated that the high void content and large
void size help improve sound absorption coefficient.
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